Adipose-derived stem cells (ADSCs) have the potential to differentiate into various cell lineages and they are easily obtainable from patients, which makes them a promising candidate for cell therapy. However, a drawback is their limited life span during in vitro culture. Therefore, hTERT-immortalized CD34+ and CD34-mouse ADSC lines (mADSCs hTERT ) tagged with GFP were established. We evaluated the proliferation capacity, multi-differentiation potential, and secretory profiles of CD34+ and CD34-mADSCs hTERT in vitro, as well as their effects on cardiac function and systemic inflammation following transplantation into a rat model of acute myocardial infarction (AMI) to assess whether these cells could be used as a novel cell source for regeneration therapy in the cardiovascular field. CD34+ and CD34-mADSCs hTERT demonstrated phenotypic characteristics and multi-differentiation potentials similar to those of primary mADSCs. CD34+ mADSCs hTERT exhibited a higher proliferation ability compared to CD34-mADSCs hTERT , whereas CD34-mADSCs hTERT showed a higher osteogenic differentiation potential compared to CD34+ mADSCs hTERT . Primary mADSCs, CD34+, and CD34-mADSCs hTERT primarily secreted EGF, TGF-β1, IGF-1, IGF-2, MCP-1, and HGFR. CD34+ mADSCs hTERT had higher secretion of VEGF and SDF-1 compared to CD34-mADSCs hTERT . IL-6 secretion was severely reduced in both CD34+ and CD34-mADSCs hTERT compared to primary mADSCs. Transplantation of CD34+ and CD34-mADSCs hTERT significantly improved the left ventricular ejection fraction and reduced infarct size compared to AMI-induced rats after 28 days. At 28 days after transplantation, engraftment of CD34+ and CD34-mADSCs hTERT was confirmed by positive Y chromosome staining, and differentiation of CD34+ and CD34-mADSCs hTERT into endothelial cells was found in the infarcted myocardium. Significant decreases were observed in circulating IL-6 levels in CD34+ and CD34-mADSCs hTERT groups compared to the AMI-induced control group. Transplantation of CD34-mADSCs hTERT significantly reduced circulating MCP-1 levels compared to the AMI control and CD34+ mADSCs hTERT groups. GFP-tagged CD34+ and CD34-mADSCs hTERT are valuable resources for cell differentiation studies in vitro as well as for regeneration therapy in vivo.
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Introduction
Adipose tissue contains a stromal vascular fraction (SVF) that is a rich source of adiposederived stem cells (ADSCs) [1] . ADSCs can differentiate into vascular endothelial cells, vascular smooth muscle cells, and cardiomyocytes in vitro and in vivo [2] . Animal studies have demonstrated the efficacy of ADSC transplantation in the treatment of acute myocardial infarction (AMI), ischemic cardiomyopathy, dilated cardiomyopathy, and hindlimb ischemia via primarily paracrine mechanisms [2] [3] [4] [5] [6] . It was also known that ADSCs have anti-inflammatory as well as immunosuppressive activities via secretion of inflammatory factors including interferon gamma (IFN-γ), interleukin 1 receptor antagonist (IL-1Ra), IL-6, IL-8, IL-10, prostaglandin E2, transforming growth factor beta 1 (TGF-β1), indoleamine 2,3-dioxygenase, and nitric oxide [7] [8] [9] . Although CD34 was first identified as a hematopoietic stem cell marker, it has also been recognized as a common marker for diverse progenitors [10] . Previous studies reported that freshly isolated ADSCs were highly positive for CD34; however, ADSC expression of CD34 was rapidly downregulated during extended culture [1, 3, 11, 12] . Miranville et al. [13] demonstrated that CD34+ human ADSCs (hADSCs) could differentiate into endothelial cells, and that intravenous injection of CD34+ hADSCs into mouse ischemic hindlimb increased blood flow and the capillary density, and resulted in the incorporation of the cells into the leg vasculature. Traktuev et al. [11] also demonstrated that the majority of CD34+ hADSCs are resident pericytes that play a role in vascular stabilization. However, little is known about the functional roles of CD34 in proliferation and differentiation processes of ADSCs and the regeneration potential of infarcted myocardium.
Although ADSCs are a promising candidate for cell therapy in the cardiovascular field, they have a limited life span during in vitro culture. Furthermore, primary ADSCs consisting of heterogeneous cell populations hamper studies on the molecular mechanism(s) underlying the regulation of cell differentiation or proliferation, as well as studies on cell transplantation that require a genetically homogenous cell population and a sufficient number of cells.
Telomerase comprises both telomerase reverse transcriptase (TERT) and the telomerase RNA, and adds telomere repeats to chromosome ends [14] . It has been shown that adult stem cells circumvent cellular senescence by expressing TERT [15, 16] . Viral genes such as v-myc or SV40 large T-antigen have also been used to immortalize multiple cells [17, 18] . However, viral gene-transduced cell lines frequently contained viral oncogenic DNA and accompanied major cytogenic alterations [19] .
Therefore, we established CD34+ and CD34-mouse ADSCs (mADSCs) by transduction with the human TERT (hTERT) gene, which is normally expressed in the human chromosome and serves a critical role in stem cell function and tissue homeostasis. For the potential applications of these cells as a novel cell source for regeneration therapy in the cardiovascular field, we also investigated differences between hTERT-immortalized CD34+ mADSCs and CD34-mADSCs, including cell surface markers, secretory profiles, proliferation and differentiation potentials in vitro, as well as inflammatory responses and regenerative potential after transplantation into infarcted myocardium.
Materials and Methods

Animal care
All procedures were approved by the Korea University Institutional Ethics Committee for animal research (KUIACUC-2014-31) . Animals were strictly handled in accordance with the Guidelines for Animal Care and Use of the Korea University School of Medicine.
Isolation and culture of primary mADSCs mADSCs were isolated from 6 week-old male ICR mice (Hanlim Experimental Animal Laboratory, Seoul, Korea). The mice were given an intraperitoneal (IP) injection anesthesia with a mixture of ketamine (44 mg/kg; Yuhan, Gunpo, Korea) and xylazine hydrochloride (0.75 mg/ kg; Bayer AB, Leverkusen, Germany), and euthanized. Mouse inguinal fat pads were dissected, minced, and digested with 0.1% Type I collagenase (Worthington Biochemical, Freehold, NJ, USA) for 45 mins at 37°C with shaking at 200 rpm. An equal volume of culture medium containing 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA) was added, followed by filtration through 100 μm nylon mesh (BD Biosciences, San Jose, CA, USA). Then, PBS washing by centrifugation at 600 × g was carried out and the cells were suspended and incubated in 160 mM NH 4 Cl for 10 mins to remove contaminating red blood cells. The cells were then plated in 100-mm tissue culture dishes following washing with PBS and were maintained in Messencult basal medium, supplemented with MSC stimulatory supplements (StemCell Technologies, Seattle, WA, USA) and 100 unit/mL penicillin and 100 μg/mL streptomycin (P/S; Invitrogen) at 37°C in a humidified incubator with 5% CO 2 . The culture media were changed every 2 days. Primary mADSCs were defined as 'passage 1' and were passaged at a ratio of 1:3 when they reached confluence.
Production of retroviruses encoding hTERT-IRES-EGFP in 293GPG cells
In order to generate the pLPCX-hTERT-IRES-EGFP vector, the BglII-SalI fragment containing hTERT cDNA was polymerase chain reaction (PCR) amplified by using the pCI-neo-hEST2 (Addgene, Cambridge, MA, USA) as a template, with a sense primer containing the BglII site (underlined) (5'-ATATATAGATCTAGGCTAGCCTCGAGAATTC-3') and antisense primer containing the SalI site (underlined) (5'-ATATATGTCGACTCAGTCCAGGATGGTCTT GAAGT-3'). The BglII-SalI-digested PCR fragment containing hTERT cDNA was inserted into the BglII-SalI site of the pIRES2-EGFP vector (Clontech Laboratories, Mountain View, CA, USA). Next, the BglII-ClaI fragment containing hTERT-IRES-EGFP cDNA was PCRamplified by using the pIRES2-EGFP vector harboring hTERT cDNA as a template with a sense primer including the BglII site (underlined) (5'-ATATATAGATCTAGGCTAGCCTC GAGAATTC-3') and antisense primer containing the ClaI site (underlined) (5'-ATATATA TCGATTTACTTGTACAGCTCGTCCA-3'). Finally, the BglII-ClaI digested PCR fragment containing hTERT-IRES-EGFP cDNA was inserted into the BglII-ClaI site of pLPCX vector (Clontech Laboratories). Correct construction of the pLPCX-hTERT-IRES-EGFP was confirmed by digestion with either BglII or ClaI and both BglII and ClaI, and finally by DNA sequencing.
The 293GPG packaging cell line [20] was maintained in 293GPG medium [Dulbecco's Modified Eagle's Medium (DMEM) with high glucose, L-glutamine, and sodium pyruvate supplemented with 10% FBS, 1 μg/mL tetracycline, 2 μg/mL puromycin, 300 μg/mL G418, and 100 μL P/S], as previously described [20] . To produce retroviruses, 293GPG cells were plated at 1 × 10 6 cells/mL in 60-mm tissue culture dishes in 293GPG medium and transfected with 8 μg of the pLPCX-TERT-IRES-EGFP at 80% confluence using Lipofectamine 2000 (Invitrogen) in accordance with the manufacturer's instructions. Twenty-four hrs after transfection, the culture medium was replaced with 293GPG medium without tetracycline, puromycin, or G418. Viral supernatant was collected at 48, 72, and 96 hrs. GFP expression was investigated in 293GPG cells at 48 hrs post-transfection to evaluate transfection efficiency. Supernatants from each time point were pooled, filtered through a 0.45 μm pore size filter (Thermo Fisher Scientific, Rochester, NY, USA), and stored as single-use aliquots at -80°C.
Generation of hTERT-immortalized mADSC lines
mADSCs (passage 1) were plated at 1 × 10 5 cells in 100-mm culture dishes in DMEM-low glucose (LG) supplemented with 10% FBS and P/S (all from Invitrogen), and infected with retroviruses harboring the pLPCX-TERT-IRES-EGFP at 60% confluence for 3 days. The cells were selected in the medium against 0.5 μg/mL puromycin during a 3-week period of repeated subculturing at a 1:3 ratio, three times per week, in 10-cm culture dishes. For clonal analysis, the selected cells were plated in 96-well plates at one cell per 100 μL by limiting dilution in DMEM-LG supplemented with 10% FBS and P/S. Briefly, only wells containing one cell per well were selected by visual inspection 24 hrs after plating, and were cultured for 14 days. Among 16 clones derived from a single cell, two clones (CD34+ A34P1 and CD34-A34N3) were finally selected based on microscopic examination of cell morphology, proliferation, and expression levels of GFP and hTERT.
Phenotypic characterization of primary and hTERT-immortalized mADSCs
For immunohistochemistry, primary and hTERT-immortalized mADSCs plated onto coverslips coated with 0.1% gelatin (Sigma Aldrich, St. Louis, MO, USA) in a 24-well plate were fixed with 4% paraformaldehyde in PBS for 10 mins and washed with PBS + 0.1% Tween-20 (PBST). The cells were blocked in 5% normal goat serum (NGS; Invitrogen) in PBST for 30 mins, and stained for 30 mins with the following primary antibodies: CD14, CD31, CD34, CD44, CD45, CD71, CD106, and Sca-1 (all from BD Biosciences). The cells were stained with Alexa Fluor 594-conjugated goat anti-rat antibodies (1:1,000, Molecular Probes, Eugene, OR, USA) for 30 mins and washed three times in PBST. The nuclei were stained with 4 0 ,6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma-Aldrich) and the cells were mounted using fluorescent mounting medium (DAKO, Glostrup, Denmark). Fluorescence images were obtained using the TEFM Epi-Fluorescence system attached to an inverted microscope (Olympus, Tokyo, Japan). For flow cytometry, primary and hTERT-immortalized mADSCs were fixed with 4% paraformaldehyde in PBS for 10 mins at room temperature (RT). The cells were subsequently incubated for 20 mins at 4°C with the following primary antibodies: CD14, CD31, CD34, CD44, CD45, CD71, CD106, and Sca-1 (all from BD Biosciences). After washing twice with PBS + 2% FBS, the cells were incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-rat antibodies (Sigma Aldrich) for 15 mins at 4°C. For the control experiments, the cells were stained with secondary antibodies only. After washing twice with PBS + 2% FBS, thirty thousand cells for each sample were analyzed on a FACS Calibur flow cytometer (BD Biosciences) and by Cell Quest Pro software (BD Biosciences).
Differentiation potential of hTERT-immortalized mADSCs
Adipogenic differentiation of hTERT-immortalized mADSCs was induced by incubation in DMEM-LG supplemented with 5% FBS and P/S, 1 μM dexamethasone, 100 μM indomethacin, 0.5 μM methyl-isobutylxanthin (all from Sigma), and 10 μg/mL insulin for 10 days. After 10 days of culture, Oil Red O (Sigma Aldrich) staining was employed to assess the degree of lipid accumulation within the cells. To quantify Oil Red O-stained lipid droplets, the cells were incubated for 10 mins with shaking after adding 100% isopropanol. The reaction product was quantified by measuring the absorbance at 500 nm using an ELISA reader (Molecular Devices, PA, USA). Data were analyzed using SoftMax Pro quantification of absorbance analysis software (Molecular Devices). Osteogenic differentiation of hTERT-immortalized mADSCs was induced by incubation in DMEM-LG supplemented with 10% FBS and P/S, 1 μM dexamethasone, 10 mM glycerophosphate, and 50 μM ascorbic acid (all from Sigma Aldrich) for 21 days. Osteogenic differentiation was determined by staining with Alizarin Red S (Sigma Aldrich). For quantification of Alizarin Red S staining, the cells were incubated for 10 mins with shaking after adding dimethyl sulfoxide. The reaction product was quantified by measuring the absorbance at 405 nm using an ELISA reader (Molecular Devices). Data were analyzed using SoftMax Pro quantification of absorbance analysis software (Molecular Devices). For cardiomyogenic differentiation, 2 × 10 4 cells of hTERT-immortalized mADSCs were plated into 12-well plates containing 0.1% gelatin-coated glass coverslips and cultured in cardiomyogenic differentiation medium (DMEM-LG, 10% FBS, P/S, 1 mg/mL insulin, 0.55 mg/mL transferrin, 0.5 μg/mL sodium selenite, 50 mg/mL bovine serum albumin, 0.47 μg/mL linoleic acid, 10 −4 M ascorbate, 10 −9 M dexamethasone) with 10 μM 5-azacytidine (all from Sigma Aldrich) for 3 days. The cells were induced by incubation in cardiomyogenic differentiation medium for 3 weeks. The cells were exposed to 100 ng/mL Trichostatin A (TSA; Sigma Aldrich) for 24 hrs on day 14 [21] . 
Real-time PCR
Total RNAs were extracted from hTERT-immortalized mADSCs using Trizol reagent (Invitrogen). The concentration of total RNAs was determined using a Nanodrop 1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). cDNA synthesis and real-time PCR was performed as previously described [22] . The primers used for real-time PCR were as follows:
Real-time PCR data were pooled from three independent experiments. Relative gene expression levels were quantified based on Ct and normalized to the reference gene, GAPDH.
WST-1 proliferation assay
hTERT-immortalized mADSCs were plated at a density of 1 × 10 3 cells/well in a 96-well plate, cultured in Mesencult MSC Basal Medium supplemented with 10% Mesencult MSC Stimulatory Supplements (StemCell Technologies) and P/S, and were analyzed at days 5, 7, and 9 by the WST-1 assay (Roche Applied Science, Mannheim, Germany). In brief, the cells were incubated at a concentration of 10 μM of WST-1 for 2 hrs. The cells were then incubated until color development was sufficient for photometric detection. The reaction product was quantified by measuring absorbance at 440 and 690 nm using an ELISA reader (Molecular Devices). Data were analyzed using SoftMax Pro quantification of absorbance analysis software (Molecular Devices).
Comparative analysis of paracrine factors in primary and hTERTimmortalized mADSCs
To prepare conditioned medium (CM), primary and hTERT-immortalized mADSCs were seeded at 1 × 10 5 cells in 100-mm tissue culture dishes and allowed to reach~80% confluence in Mesencult Complete Medium. The medium was then changed to Mesencult MSC Basal Medium supplemented with 2% FBS and P/S, and further cultured for 24 hrs. Next, CM was collected, filtered through a 0.22 μm pore size filter (Merck Millipore, Billerica, MA, USA), and stored at 4°C until use. A mouse cytokine antibody array (RayBiotech, Norcross, GA, USA) that included 21 cytokines in duplicate and appropriate positive and negative controls was customized. The analyzed proteins included epidermal growth factor (EGF), TGF-β1, hepatocyte growth factor (HGF), insulin-like growth factor 1 (IGF-1), IGF-2, monocyte chemoattractant protein-1 (MCP-1), VEGF, stromal cell-derived factor 1 (SDF-1), basic fibroblast growth factor (bFGF), E-Cadherin, HGF receptor (HGFR), IFN-γ, IL-10, tumor necrosis factor-alpha (TNF-ɑ), IL-6, IL-1ɑ, IL-1β, IL-1Ra, leptin, cardiotrophin-1 (CT-1), and MCP-5. Densitometric quantification of blotting spots was performed using Quantity One software (Bio-Rad, Hercules, CA, USA).
Costimulation assay
Female Sprague-Dawley (SD) rats weighing 180-200 g were purchased from Orient Experimental Animal Laboratory (Gyeonggi, Korea). The SD rats were given an IP injection anesthetized with a mixture of ketamine (60 mg/kg) and xylazine hydrochloride (7.5 mg/kg). Splenocytes were isolated by filtration through a 100 μm nylon mesh from female SD rat spleens. Erythrocytes were removed using 160 mM NH 4 Cl for 10 mins, followed by two washes in RPMI 1640 (Lonza, Walkersville, MD, USA) supplemented with 10% FBS and P/S. hTERTimmortalized mADSCs (5 × 10 4 /well) were seeded to confluency in 96-well plates 24 hrs before coculturing with rat splenocytes at 1:2 and 1:4 ratios. Cocultures were kept for 24 hrs in the presence of Phytohemagglutinin (PHA; 10 μg/mL, Sigma Aldrich) and anti-rat CD28 (rCD28; 5 μg/mL, BD Biosciences). Rat splenocytes treated with PHA and rCD28 were included as a positive control. After 24 hrs of coculture, supernatants were collected and assayed for rIL-2 by ELISA (R&D Systems). Each assay was done in triplicates. The reaction product was quantified by measuring absorbance at 450 and 540 nm using an ELISA reader (Molecular Devices).
AMI model and cell transplantation
Female SD rats weighing 180-200 g were given an IP injection anesthetized with a mixture of ketamine (60 mg/kg) and xylazine hydrochloride (7.5 mg/kg). An 18-gauge angiocatheter (BD Bioscience) was utilized as an intubation tube throughout the procedure. The left coronary artery of the heart was ligated with a 6-0 silk suture, 5-mm from the left coronary atrial appendage. After confirmation of the presence of MI, 1 × 10 6 hTERT-immortalized mADSCs prepared in 100 μL of culture medium was injected at three peri-infarct areas. 100 μL of culture medium was injected as a control treatment. After cell transplantation, the chest wall, muscle layers, and skin were closed with 3-0 silk sutures. All AMI induced rats were continuously monitored from surgery to recovery. For sacrifice, rats were euthanized by IP injection with the mixture of ketamine (60 mg/kg) and xylazine hydrochloride (7.5 mg/kg).
Echocardiographic analysis
Echocardiography was performed at 1, 7, 14, and 28 days after cell transplantation with a commercially available Vivid 7 echocardiography system (GE Healthcare, Wauwatosa, WI, USA) with a 10 MHz small linear array transducer for animal research was used. The depth of the window was adjusted to 2 cm, and parasternal long-and short-axis views were obtained. SD rats were anesthetized with a mixture of ketamine (60 mg/kg) and xylazine hydrochloride (7.5 mg/kg). Posterior wall thickness in diastole (PWTd), posterior wall thickness in systole (PWTs), left ventricular end of diastolic volume (LVEDV), left ventricular end-systolic volume (LVESV), and left ventricular anterior wall thickening at the end-diastole data were obtained by a two dimensional targeted M-mode view. LV volume and ejection fraction (EF) was calculated using the modified Simpson's method from parasternal views. All measurements were taken over 2 consecutive cardiac cycles and averaged. All measurements were performed by an experienced cardiologist who was blind to the study group. Each value was the average of two measurements. The percentage of fractional shortening (FS) was computed as representative of systolic function; EF was calculated as EF (%) = [end diastolic volumes (Voldia)-end-systolic volumes (Volsys)] / Voldia. Voldia and Volsys were calculated by manually drawing endocardial contours at end-diastolic and end-systolic phases in the apical two chambers view using the modified Simpson's rule.
Detection of circulating IL-6 and MCP-1 levels
After echocardiographic analysis, rat blood samples were collected from the tail vein into EDTA-containing tubes using a 24-gauge catheter (BD Bioscience) at 1, 7, 14, and 28 days after cell transplantation. Circulating IL-6, and MCP-1 levels were measured using microspherebased multiplex assays (MILLIPLEX MAP Kit, Rat Cytokine/Chemokine Magnetic Bead Panel; EMD Millipore, Darmstadt, Germany) according to the manufacturer's instructions.
Immunohistochemical analysis of tissue sections
Masson's trichrome staining was performed using the Trichrome Stain kit (Sigma Aldrich) with the following modifications: nuclei were stained with Celestine Blue solution followed by Gill's Hematoxylin staining, and tissue was incubated for 1 hr in Bouin's solution before muscle staining with Biebrich Scarlet-Acid Fuchsin (Sigma Aldrich). For fluorescence in situ hybridization (FISH), prepared tissue slides were dehydrated and incubated with probe specific to whole mouse Y chromosome (Empire genomics, Buffalo, NY, USA) for 10 hrs at 37°C in a humidified chamber. Tissues were then incubated with DAPI. At 72 hrs after cell transplantation, the numbers of infiltrating CD8+ T cells and CD68+ macrophages were assessed by incubating sections (5 or 7 μm thickness) with CD8 (Biolegend, San Diego, CA, USA), CD68 (Abcam, Cambridge, England) and GFP+ antibody (Abcam). Slides were washed and then incubated with Alexa Fluor 488-or 594-conjugated secondary antibodies (all from Molecular Probes) for 30 mins. Finally, sections were incubated with DAPI for 1 min. Quantification of GFP+/CD8+ or GFP+/CD68+ cells was achieved using Image-Pro 7.0 software (Mediacybernetics, Rockville, MD, USA) on 8 sections (two fields per section, two sections per heart, n = 2 for each group) in the border zones around the infarct site.
At day 28 after cell transplantation, angiogenesis was assessed by incubating sections (5 or 7 μm thickness) overnight with GFP antibody (Abcam) and with anti-vWF (DAKO). Slides were washed and then incubated with Alexa Fluor 488-or 594-conjugated secondary antibodies (all from Molecular Probes) for 30 mins. Finally, sections were incubated with DAPI for 1 min. Fluorescence images of sections were photographed at a magnification of 400x with the TE-FM Epi-Fluorescence system attached to an inverted microscope (Olympus). Quantification of GFP+/vWF+ cells was achieved using Image-Pro software on 20 sections (two fields per section, two sections per heart, n = 5 for each group) in the border zones around the infarct site.
Statistical analysis
All statistical values are expressed as the mean ± standard deviation (SD). Significant differences between the means were determined using the Student's t-test or by analysis of variance followed by the Student-Newman-Keuls test. Statistical significance was set at p < 0.05. All statistical analyses were performed using SigmaStat 3.5 software (SPSS, Chicago, IL, USA).
Results
Establishment of hTERT-immortalized mADSC lines
Primary mADSCs isolated from inguinal adipose tissue showed fibroblast-like morphology (S1A Fig). For the phenotypic characterization, primary mADSCs were stained with antibodies to stem cell or cell lineage markers by immunohistochemistry and flow cytometry. Primary mADSCs were positive for CD34, CD44, CD106, and Sca-1, whereas they were negative for CD14, CD31, CD45, and CD71 (S1A and S1B Fig) . In order to immortalize mADSCs with the hTERT gene, freshly isolated primary mADSCs were infected with retroviruses harboring hTERT-IRES-EGFP. At 72 hrs after infection with retroviruses, GFP-positive mADSCs were detected by fluorescence microscopy. After selecting mADSCs in a medium containing puromycin for about 3 months, the cell phenotypic characteristics were investigated. hTERTimmortalized mADSCs showed fibroblast-like shapes morphologically similar to the primary mADSCs ( Fig 1A) . hTERT-immortalized mADSCs were positive for CD34, CD44, CD106, and Sca-1 (Fig 1B and 1C) , showing that they were also phenotypically similar to the primary mADSCs. Interestingly, we found that approximately half of hTERT-immortalized mADSCs was positive for CD34, a hematopoietic stem cell marker (Fig 1B and 1C) . Therefore, we further selected at a single cell level by limiting dilution in 96-well cell culture plates in order to isolate CD34+ and CD34-mADSC lines (S1 Table) .
Evaluation of stem cell potency of hTERT-immortalized CD34+ and CD34-mADSC lines
For further studies, clone A34P1, designated as CD34+ mADSCs hTERT , was finally selected out of seven CD34+ mADSC lines, and clone A34N3, designated as CD34-mADSCs hTERT , was also selected from nine CD34-mADSC lines based on the morphology, proliferation rate, and GFP expression of the cells (S1 Table) . Phenotypic characterization of the selected CD34+ and CD34-mADSCs hTERT was further evaluated by immunostaining and flow cytometry with different cell surface antibodies. CD34+ and CD34-mADSCs hTERT were positive for CD44, CD106, and Sca-1 (Fig 2A-2D ), and they were negative for CD14, CD31, CD45, and CD71 (Fig 2A-2D ), indicating that they represent phenotypic characteristics similar to that of primary mADSCs. Multi-potency of CD34+ and CD34-mADSCs hTERT was investigated by inducing mADSC into adipogenic, osteogenic, endothelial, and cardiomyogenic lineages, which were confirmed by Oil Red O staining, Alizarin Red S staining, vWF expression, and α-actinin/cTnT expression, respectively. CD34+ and CD34-mADSCs hTERT demonstrated differentiation potential for four different cell types (Fig 2E and 2F) . Fig 2G shows that CD34+ and CD34-mADSCs hTERT exhibited significantly higher adipogenic, osteogenic, endothelial, and cardiomyogenic differentiation potentials compared to those of primary mADSCs (passage 3). Interestingly, CD34-mADSCs hTERT exhibited a significantly higher osteogenic differentiation potential compared to CD34+ mADSCs hTERT ( Fig 2G) . As expected, transduced hTERT transcripts were strongly expressed in both CD34+ and CD34-mADSCs hTERT (Fig 2H) , indicating that the stemness of CD34+ and CD34-mADSCs hTERT was sustained by ectopic hTERT activity.
CD34+ and CD34-mADSCs hTERT were cultured for about 4 months, which corresponded to around 100 population doublings (PDs) before performing the WST-1 assay. Primary mADSCs (passage 3) and CD34+ mADSCs hTERT showed significantly higher proliferation rates compared to CD34-mADSCs hTERT at 5 days after seeding (Fig 2I) . CD34+ mADSCs hTERT also demonstrated a significantly higher proliferation rate compared to primary mADSCs and CD34-mADSCs hTERT at 7 and 9 days after seeding (Fig 2I) . Primary mADSCs showed a significantly higher proliferation rate compared to CD34-mADSCs hTERT at 7 days after seeding, whereas their proliferation rate became significantly lower than that of CD34+ mADSCs (Fig 2I) . These results demonstrated that CD34+ and CD34-mADSCs hTERT sustained a higher proliferation ability compared to primary mADSCs, even after long-term culture exceeding 100 PDs.
Comparison of paracrine factors secreted from primary mADSCs and CD34+ and CD34-mADSCs The dominant growth factors and cytokines secreted from primary mADSCs, CD34+, and CD34-mADSCs hTERT were EGF, TGF-β1, IGF-1, IGF-2, MCP-1, and HGFR (Fig 3A) . Among these proteins, MCP-1 was the predominant factor secreted from primary mADSCs, CD34+, and CD34-mADSCs hTERT (Fig 3A) . Inflammatory cytokines such as IL-6, IL-10, IL-1ɑ, IL-1β, and MCP-5 were abundant in primary mADSCs CM, CD34+ mADSCs hTERT CM, and CD34-mADSCs hTERT CM (Fig 3A) . We found that VEGF, SDF-1, and IL-6 were differentially expressed among primary mADSCs, CD34+, and CD34-mADSCs hTERT (Fig 3A) . VEGF levels were reduced by 1.6-fold in CD34-mADSCs hTERT CM compared to primary mADSCs CM and CD34+ mADSCs hTERT CM (Fig 3B) . In contrast, SDF-1 levels were increased by approximately 2.3-fold in CD34+ mADSCs hTERT CM compared to primary mADSCs CM and CD34-mADSCs hTERT CM ( Fig   3B) . Interestingly, secretion levels of IL-6, a pro-inflammatory cytokine, were severely reduced in both CD34+ mADSCs hTERT CM (4.5-fold) and CD34-mADSCs hTERT CM (4.8-fold) compared to that of primary mADSCs CM (Fig 3B) .
Transplantation of CD34+ and CD34-mADSCs hTERT into infarcted myocardium increased cardiac function and reduced infarct size CD34+ and CD34-mADSCs hTERT were transplanted into the peri-infarct region of a rat AMI model to investigate their roles in cardiac regeneration. AMI-induced rats injected with an equivalent volume of medium with no cells were used as a control. Cardiac function was evaluated by echocardiography at 1, 7, 14, and 28 days following cell transplantation (Fig 4A) . CD34+ and CD34-mADSCs hTERT showed significant increases in left ventricular ejection fraction (LVEF) at 28 days compared to 1 day (Fig 4B and 4C , and S2 Table) . No significant differences in body weight changes were found between groups from day 0 to day 28 ( S3A Fig) . Delta LVEFs defined as changes in LVEF from baseline to post-cell transplantation were significantly improved in CD34+ and CD34-mADSCs hTERT groups compared to the mediuminjected control group at day 28 after cell transplantation (S3B Fig). However, no significant differences in LVEF between CD34+ and CD34-mADSCs hTERT groups were found. In addition, significant increases in PWTd and PWTs were observed at 28 days in CD34+ and CD34-mADSCs hTERT groups compared to the medium-injected control group (S2 Table) .
positive). Nuclei were stained with DAPI (blue). (G) Adipogenic differentiation of primary mADSCs, CD34+, and CD34-mADSCs hTERT was visualized by Oil Red O staining and was quantified by measuring the absorbance at 500 nm in a microplate reader. Osteogenic differentiation of primary mADSCs, CD34+, and CD34-mADSCs hTERT was visualized by Alizarin Red S staining and was quantified by measuring the absorbance at 405 nm in a microplate reader. Cardiomyogenic differentiation of primary mADSCs, CD34+, and CD34-mADSCs hTERT was analyzed by quantitative real-time PCR with primers for cardiomyocyte-specific markers (cTnT and GATA4). Data shown represent mean ± SD from three independent experiments (*p < 0.05; NS, not significant). (H) Real-time PCR was performed to detect transduced hTERT transcripts in CD34+ and CD34-mADSCs hTERT . Primary mADSCs were used as a negative control. Data shown represent mean ± SD from three independent experiments (*p < 0.05; NS, not significant). (I) Cell proliferation of primary mADSCs, CD34+, and CD34-mADSCs hTERT was evaluated by WST-1 assay at 5, 7, and 11 days after seeding. Data shown represent mean ± SD from three independent experiments (*p < 0.05; NS, not significant). Scale bars in A, C, E, and F = 100 μm. 
CD34+ and CD34-mADSCs hTERT transplanted into infarcted myocardium were differentiated into endothelial cells
To determine whether transplanted cells could differentiate into endothelial cells or cardiomyocytes in the infarct heart, tissue sections were double-stained for GFP and cardiac-or endothelial-specific markers. Engraftment of CD34+ and CD34-mADSCs hTERT (male mouse origin) was confirmed in the recipient female rats by fluorescence staining for Y chromosome in the infarcted heart at day 28 after cell transplantation (S3C Fig). The number of vWF+ cells was significantly increased in both CD34+ and CD34-mADSCs hTERT transplanted groups compared to the medium-injected control group at 28 days after cell transplantation (Fig 4F) . Furthermore, GFP+/vWF+ cells were also found in both CD34+ and CD34-mADSCs hTERT groups at 28 days after cell transplantation, demonstrating that transplanted CD34+ and CD34-mADSCs hTERT were differentiated into endothelial cells in the infarcted myocardium (Fig 4G) . However, there were no significant differences between CD34+ (13.38±5.37) and CD34-mADSCs hTERT -transplanted groups (7.50±3.83) (Fig 4H) . However, no GFP+/cTnT+ cells were found in either CD34+ or CD34-mADSCs hTERT groups at 28 days after cell transplantation. We found that transplantation of primary mADSCs, CD34+, and CD34-mADSCs hTERT into nude mice did not form tumors even up to 6 months after transplantation (S4A Fig). In addition, significant differences in body weight changes after transplantation of primary mADSCs, CD34+, and CD34-mADSCs hTERT into nude mice were not found between
Transplantation of CD34+ and CD34-mADSCs hTERT into a rat AMI model reduced circulating pro-inflammatory cytokine levels
To further examine whether transplantation of CD34+ and CD34-mADSCs hTERT into AMI rats alters the systemic inflammatory response, we analyzed changes in circulating levels of inflammatory cytokines (IL-6 and MCP-1) at 1, 7, 14, and 28 days following cell transplantation. Significant decreases in circulating IL-6 levels were found at 7, 14, and 28 days after transplantation of CD34+ and CD34-mADSCs hTERT groups compared to the medium-injected control group (Fig 5A) . Transplantation of CD34-mADSCs hTERT significantly reduced circulating MCP-1 levels at 1, 7, 14, and 28 days compared to the medium-injected control group and CD34+ mADSCs hTERT group (Fig 5B) .
To determine the rat host responses to xenotransplanted CD34+ and CD34-mADSCs hTERT , we assessed whether CD34+ or CD34-mADSCs hTERT could provide costimulatory signals to rat splenocytes through the CD28 pathway [23] [24] [25] . CD34+ or CD34-mADSCs hTERT with rat splenocytes were cocultured in the presence of PHA and rCD28 determined rIL-2 secretion in culture supernatants. We measured rIL-2 release after 24 hrs of coculture at 1:2 and 1:4 ratios (S5A Fig). Coculture of CD34+ mADSCs hTERT to rat splenocytes activated by PHA and rCD28
did not significantly affect rIL-2 secretion at both 1:2 and 1:4 ratios (S5A Fig) compared to the control group. On the contrary, coculture of CD34-mADSCs hTERT to rat splenocytes activated by PHA and rCD28 induced moderately but significantly rIL-2 secretion at both 1:2 and 1:4 ratios ( S5A Fig) compared to the control and CD34+ mADSCs hTERT groups. Furthermore, we also investigated the numbers of infiltrating CD8+ T cells and CD68+ macrophages at 72 hrs after xenotransplantation of CD34+ or CD34-mADSCs hTERT into the infarcted rat hearts.
There were no significant differences between the numbers of CD8+ T cells and CD68+ macrophages in the medium-injected control, CD34+ and CD34-mADSCs hTERT transplanted groups (S5B Fig). Severe migration of CD8+ T cells and CD68+ macrophages to the transplanted GFP+ cells was also not observed (S5C Fig). Taken together, these results indicate that CD34+ or CD34-mADSCs hTERT have immunomodulatory effects although they provoked different immune responses in a cell type-specific manner.
Discussion
Counter et al. [26] reported that alteration of the carboxyl terminus of TERT does not affect telomerase activity but impedes the ability of this enzyme to maintain telomeres, resulting in the failure of cells to undergo immortalization. Therefore, we generated the hTERT-IRE-S-EGFP construct so as not to affect the function of telomerase to maintain and extend telomeres. CD34 expression by ADSCs decreases over time in culture [27] [28] [29] . Therefore, we infected freshly isolated mouse ADSCs containing a highly CD34+ population with retroviruses expressing hTERT-IRES-EGFP genes. Balducci et al. [30] reported that hTERT alone failed to immortalize hADSCs, while hTERT/SV40 or hTERT/HPV E6/E7 co-transductions successfully immortalized cells. In the present study, however, we were able to establish CD34 + mADSCs hTERT , suggesting that hTERT alone may immortalize mADSCs and also sustain expression of CD34 on mADSCs. Similarly, Kang et al. [31] also demonstrated that TERTtransduced nonhuman primate ADSCs had an increased level of telomerase activity and increased mean telomere length.
In this study, we found that both CD34+ and CD34-mADSCs hTERT retained their proliferative capacity and multi-potency even after over 100 PDs, irrespective of loss of CD34 expression. Interestingly, CD34+ mADSCs hTERT showed a higher proliferation rate compared to CD34-mADSCs hTERT at 7 and 9 days after seeding, whereas CD34-mADSCs hTERT demonstrated a higher differentiation potential compared to CD34+ mADSCs hTERT (Fig 2) . In agreement with our results, a previous study also reported that CD34+ hADSCs were more proliferative and had a greater ability to form colonies compared to CD34-hADSCs, suggesting that CD34 expression in hADSCs may correlate with their replicative potential [29] . In accordance with our observation, Suga et al. [29] also reported that CD34-hADSCs showed a greater ability for differentiation into adipogenic and osteogenic lineages compared to CD34+ counterparts. Taken together, our data and that from a previous report [29] suggest that loss of CD34 expression may be related to the commitment from immature status into mesenchymal lineages. Primary mADSCs, CD34+, and CD34-mADSCs hTERT primarily expressed EGF, TGF-β1, IGF-1, IGF-2, MCP-1, and HGFR (Fig 3A) . VEGF and SDF-1 levels were increased in CD34+ mADSCs hTERT CM compared to CD34-mADSCs hTERT CM (Fig 3B) . Previous studies also reported that ADSCs produced a variety of paracrine factors such as VEGF, HGF, and IGF-1 that have pro-angiogenic and/or anti-apoptotic activities [2, 32] . Similarly, hTERT/ SV40 and hTERT/HPV E6/E7 demonstrated the capability to secrete significant amounts of VEGF and HGF, showing that immortalized hADSCs maintain a strong capacity to secrete Transplantation of CD34+ and CD34-mADSCs hTERT into a rat AMI model significantly reduced circulating pro-inflammatory cytokine levels. Circulating IL-6 (A) and MCP-1 (B) levels were measured using Milliplex Max kit from rat plasma samples obtained from tail vein at days 1, 7, 14, and 28 after cell transplantation. Data shown represent mean ± SD (n = 10, *p < 0.05; NS, not significant).
doi:10.1371/journal.pone.0147853.g005 potent angiogenic molecules [30] . The efficacy of ADSC transplantation in the animal model of AMI and hindlimb ischemia via mainly paracrine mechanisms has been demonstrated previously [2] [3] [4] [5] [6] . Mazo et al. [33] reported that rat ADSCs improved cardiac function in chronic MI by directly contributing to the vasculature and myofibroblasts and at negligible levels to cardiomyocytes and paracrine activity. Our findings are in line with those of previous studies [33] [34] [35] , indicating that functional improvement by transplantation of CD34+ and CD34-mADSCs hTERT into infarcted myocardium may be primarily achieved via paracrine actions via cardio-protective, anti-apoptotic effects and angiogenesis rather than direct transdifferentiation. We observed that CD34+ and CD34-mADSCs hTERT injected into infarcted myocardium resulted in reduction of infarct size and improvement of cardiac function at 28 days after transplantation. No significant difference in regeneration potential between CD34+ and CD34-mADSCs hTERT was found. hADSCs improved postnatal neovascularization in a mouse model of hindlimb ischemia and their effect was correlated with the number of transplanted cells, but not with the ratio of CD34 expression [36] . However, we observed a low engraftment rate as well as rare endothelial differentiation of CD34+ and CD34-mADSCs hTERT at 28 days after transplantation. Therefore, we inferred that low engraftment rate as well as rare endothelial differentiation of transplanted ADSCs may hamper correct evaluation of the functional role of CD34 in regeneration and differentiation potential. In contrast, He et al. [37] reported that differentiation into endothelial cells and participation in blood vessel formation were observed in CD34+ ADSCs, but not in CD34-ADSCs. Many pro-inflammatory cytokines, TNF-α, IL-1β, IL-6, and MCP-1 were highly induced in experimental models of MI [38] [39] [40] [41] . ADSCs have shown anti-inflammatory as well as immunosuppressive activities via secretion of many inflammatory factors [7] [8] [9] . In the present study, we found that the secretion levels of IL-6 were severely reduced in CD34+ and CD34-mADSCs hTERT compared to those of primary mADSCs (Fig 3B) . In addition, we also found significant decreases in circulating IL-6 levels after transplantation of CD34+ and CD34-mADSCs hTERT groups compared to the AMI control group (Fig 5A) . Furthermore, transplantation of CD34-mADSCs hTERT significantly reduced circulating MCP-1 levels compared to the AMI control and CD34+ mADSCs hTERT groups, indicating that strong immunomodulatory action of CD34-mADSCs hTERT may be related to MSC-like characteristics.
Systemic infusion of ADSCs led to a decrease in the level of pro-inflammatory cytokines in multiple animal models [42] [43] [44] [45] [46] . hADSCs injected into the flank of mice showed an immunomodulatory function of down-regulating IL-1β and IL-6 [47] . hADSCs also modulated the increases of these pro-inflammatory mediators in serum and in the lung tissue in an endotoxemic rat model [48] . Furthermore, ADSCs CM also significantly reduced levels of the proinflammatory cytokines (IL-1β, IL-6, and TNF-α) in the zymosan-induced mouse air pouch model through paracrine mechanisms partly via inhibition of NF-κB activation [49] . Our data and previous reports indicate that the therapeutic effect of ADSCs could be partly attributed to the inhibition of acute inflammatory responses.
In conclusion, we established GFP-tagged CD34+ and CD34-mADSCs hTERT and demonstrated their proliferation capacity, multi-differentiation potential, and secretory profiles in vitro. We also demonstrated that transplantation of CD34+ and CD34-mADSCs hTERT into infarcted heart reduced systemic levels of pro-inflammatory cytokines and infarct size, induced neovascularization, and improved cardiac function. Our findings suggest that paracrine factors secreted from transplanted cells may mitigate pro-inflammatory responses and may protect host cardiomyocytes in the infarcted myocardium, contributing to beneficial LV remodeling after MI. However, mechanisms underlying the functional improvement after cell transplantation must be elucidated further. GFP-tagged CD34+ and CD34-mADSCs hTERT are valuable resources for studies on the mechanisms underlying the proliferation, survival, and differentiation of stem cells in vitro as well as for the study of cell therapy in vivo.
Supporting Information Table. Echocardiographic analysis. PWTd, posterior wall thickness in diastole; PWTs, posterior wall thickness in systole; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; EF, ejection fraction. Data shown represent mean ± SD (n = 10, Ã p < 0.05 vs. control).
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